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Abstract A novel fabrication method for optical thin film
filters based on the self-organization of alternating layers of
colloidal gold and silica nanoparticles (NP) is reported. The
filter is designed to work in the deep-UV to visible spectral
range. The spectral absorption peaks are tuned by three
parameters: the organic capping ligand of the gold NPs
(citrate, chitosan, poly (diallyl-dimethylammonium)-
chloride or PDDA); the capping environment (bare,
chitosan, or PDDA) of the silica NPs and the thickness of
the film. Precise control of the transmission color (less than
1% color distance per layer), is achieved by changing the
film thickness. Exploitation of the self-assembly process
should lead to the facile production of highly reliable large
area thin film optical filters at considerably lower costs.

Introduction

Thin film optical filters can be categorized depending on
their construction and mechanism of operation such as
dichroic filters, reflective filters, or interference optical
filters [1]. Fabry—Perot interferometer is a common thin
film filter [2]. The absorption and refractive properties of
the metal or the dielectric used in the film can determine
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the operation range of the filter in ultraviolet (UV), visible
(Vis), or infrared (IR) regions [3, 4]. A combination of
several metals and/or dielectrics is used in multilayer
structures for designing spectral filters with desired speci-
fications [5]. The spectral characteristics of these filters
are a function of the collective properties of individual
components of the layered coatings (e.g., transmittance,
absorbance, reflectance, density, refractive index, and
homogeneity) and their physical configuration (e.g., layer
thickness and microstructure). Traditional techniques used
for fabricating multilayer thin film optical filters are high
vacuum deposition methods like ion-assisted deposition
[6], ion-beam sputtering [7], vacuum vapor deposition [8],
electron-beam evaporation [9], and reactive ion plating
methods [10] among others. Filters fabricated by these
processes consist of a few to hundreds of layers of films
that require precise control over the deposition of each
layer and requires advanced facilities to support the
processes.

Self-assembly method offers a novel, inexpensive, bottom-
up approach for the fabrication of thin films using multiple
layers of nanoparticles (NP)’s [11, 12]. The process is
normally conducted at room temperature with versatile and
easy to acquire organic—inorganic materials. Dip coating is
a common self-assembly technique that involves the
sequential exposure of a substrate into alternating cationic
and anionic colloidal solutions popularly known as layer-
by-layer (LBL) technique [13, 14]. In this study, dip
coating technique was utilized to form a thin film optical
filter that comprises of multiple bi-layers of gold and silica
NPs. The spectral response of the filter is effectively tuned
by the capping layer of NPs and the number of layers in
the film.

If metal NPs are used in the growth of films, optical
absorption would be dominated by the surface plasmon
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resonance (SPR) [15]. The resonance depends strongly on
particle size [16, 17], shape [18, 19], and the average
interparticle distance as well as the nature of the protecting
organic shells often used for the stabilization of the NPs if
synthesized as colloids [20, 21]. The SPR, and hence the
peak absorption, in NPs is due to coherent oscillations of
the conduction electrons induced by the electromagnetic
field of the incident light [22]. Gold NPs, for example,
exhibit a strong absorption band in the visible region of the
electromagnetic spectrum [23]. Silica NPs are optically
transparent in the visible region and absorb light mostly in
the ultraviolet [24]. Therefore, a thin film with multilayers
of both gold and silica NPs can be designed as an
absorption filter in the spectral range from ultraviolet to
visible. If NPs size is held constant and the shape is
spherical, then the fundamental tuning parameters of the
filter are the particle distribution, metal-ligand interaction
and the nature of the dielectric host medium.

In general, the performance of any optical filter depends
on the spectrum-selectivity. A good band-rejection filter,
which is the focus in this study, significantly reduces power
transmission in the desired range of the spectrum with
almost 100% transmission everywhere else. As a color
filter, it is also desired to precisely control the color with
the control parameter.

Experimental details
Synthesis and surface modification of gold NPs

Gold NPs were synthesized in an aqueous solution by the
reduction of chloroauric acid (HAuCl,) with trisodium
citrate (NazCgHs0O;) following the well-known method
described by Turkevich [25, 26]. This rendered negatively
charged citrate-capped gold NPs. The average size of gold
NPs obtained by this method was around 20 nm. Gold NPs
were also synthesized by addition of chitosan (0.1% solu-
tion prepared in 1% acetic acid) for the reduction of
chloroauric acid. The chitosan-capped gold NPs yielded a
positively charged surface in acidic solution [27]. Capping
of gold NPs with poly (diallyl-dimethylammonium)-chlo-
ride (PDDA) was done by adding 0.1% solution of PDDA
(35 wt% in water) to the citrate-reduced colloidal suspen-
sion of gold NPs and stirred for 30 min. PDDA-capped
gold NPs also yielded a positively charged surface at acidic
pH [28].

Synthesis and surface modification of silica NPs
The synthesis of silica (SiO,) NPs by the Stéber method is

another well-known process that has been reported exten-
sively [29]. Silica NPs with an average size of 30 nm were
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used in this study. As produced silica NPs bear a negative
charge due to the surface hydroxyl group. These silica NPs
were then capped with PDDA by the addition of 0.1%
solution of PDDA (35 wt% in water) to the colloidal sus-
pension of silica NPs and stirred for 30 min. The PDDA-
capped silica NPs bear a positive charge due to quaternary
amines [30]. Silica NPs were also capped by addition of
chitosan solution (0.1% solution prepared in 1% acetic
acid) to colloidal suspension of silica NPs. The chitosan-
capped silica NPs bear a positive charge at acidic pH [31].

Filter fabrication using self-assembly technique

This section describes the approach for the fabrication of
thin film optical filters by LBL technique by the selection
of compatible light absorbing components and tuning SPR
shift by application of capping agents as well as by con-
trolling the total number of layers in the films.

The LBL formation is done by an in-house developed
automated dip coating system [32]. A schematic repre-
sentation of the system is presented in Fig. 1. Multiple
layers of gold and silica NPs forming the consecutive
layers should bear opposite electrical charges. Gold NPs
bear negative charge when formed from a gold precursor
(HAuCly) using trisodium citrate as a reducing agent [33,
34]. Since bare silica NPs in aqueous media carry a neg-
ative charge due to hydroxyl (OH™) group. For forming
bi-layers, gold—silica NPs require proper capping with
positive charge densities that were achieved by coating
with chitosan or PDDA as explained above.

Of the nine possible combinations of Au and silica
NPs, only four combinations can form the appropriate
positive—negative charge layer required for growing the
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Fig. 1 Schematic diagram of the LBL automated dip coating system
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multilayered films. Microscopic glass slides were used as
substrates and cleaned in 1:1 (v/v) MeOH:HCI solution
followed by treatment in concentrated H,SO, to remove
surface contaminants and then dried in air in an oven kept
at 150 °C. Following this, the substrates were functional-
ized by APTS (3-aminopropyl trimethoxysilane) to render
negative charges on the glass substrates that were used for
film deposition [35]. At this stage, a water contact angle of
45° was measured for the glass substrates indicating a
hydrophilic surface.

The substrates were immersed into a sequence of dif-
ferent solutions through the vertical movement of the
robotic arm holding the substrates and the rotation of the
stage carrying the solutions. The solutions used were col-
loidal gold and silica NPs (with specific cappings), deion-
ised water, acetate buffer, and citrate buffer. The buffer
solutions were used to avoid any change in the pH of the
colloidal solutions during the dip coating process [36]. In
this study, an optimized dipping time of 5 min for the
deposition of each layer was used [32]. The process was
repeated to deposit the targeted number of layers.

Results and discussion

The following sections illustrate the tuning of the optical
properties using three main parameters: film thickness,
silica NPs capping, and gold NPs capping.

The scanning electron micrographs (SEM) of the thin
films show that the LBL deposition lead to a stack of
individual particulate layers (Fig. 2a). There is a minimum
spacing among the NPs (Fig. 2b) due to their random
sequential absorption that lowers the final saturation cov-
erage [37, 38].

Effect of capping on optical filter response

The measured absorption spectra for the four possible
layered structures are shown in Fig. 3 (in each case 50 bi-
layers were deposited). The absorption coefficient of the
film is estimated assuming a uniform layer thickness. The
normalized transmittance ‘I’ is given by the equation,
1(2,z) = Exp[—2a(4)z], where ‘1’ is the wavelength, ‘o is
the absorption coefficient, and ‘7z’ is the film thickness.
Figure 3a shows the reduction of the absorption peak of
gold (~528 nm) and silica (~330 nm) when capped with
PDDA. The trend is the same when capping with chitosan
as shown in Fig. 3b.

Chitosan is known to get protonated at dilute acidic
conditions (i.e., pH = 4) while the pH of colloidal silica
NPs is more toward basic (pH = 8-9) resulting in partial
capping. Therefore, less amount of silica NPs are available
for electrostatic interaction with gold NPs leading to lower

Fig. 2 a SEM (cross section) of 50 bi-layers of chitosan-capped gold
and silica. b SEM (top) of 100 bi-layers of gold with chitosan-capped
silica

volume fraction of silica in the films when polyelectrolyte
coated silica was used (Fig. 3a, b).

In retrospect, capping the gold NPs with polyelectro-
lyte (PDDA or chitosan) results in the reduction of peak
value of plasmon absorbance (~525 nm) as shown in
Table 1. The deconvolution of the optical absorption
spectra for gold NPs showed that it fits into two peaks,
one at 522-525 nm corresponding to the transverse plas-
mon resonance (/p) that is generated due to the dipolar
oscillation in the spherical NPs constituting the thin films.
The second peak at 552-559 nm is due to the longitudinal
plasmon resonance (App) that appears due to the close
proximity of the gold NPs in the film resulting in the
electromagnetic interaction among the gold NPs [39, 40].
Table 1 gives the values for Full width at half maximum
(FWHM), transverse plasmon wavelength, and longitudi-
nal plasmon wavelength values. In the case of gold cap-
ped with PDDA or chitosan, FWHM is higher as
compared to uncapped gold due to some agglomeration of
the NPs [34].
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Fig. 3 Measured absorption coefficient of the film when using two

different cappings: a PDDA with gold (solid) and silica (dashed) and
b Chitosan with gold (solid) and silica (dashed)

Table 1 Measured values of FWHM for absorbance spectra in Fig. 3

A peak p ApL FWHM

height (nm) (nm) (nm)
Uncapped gold 0.65 522 - 35.39
PDDA-capped gold 0.42 525 552 62.29
Chitosan-capped gold 0.47 522 559 71.99

Near-ultraviolet (NUV) radiation can be suppressed
through proper capping. The highest NUV absorption is
achieved when bare silica is used and gold NPs are
capped with either polymer. The transmittance is reduced
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to —7 dB for 100 bi-layers. When films were formed with
silica particles with chitosan or PDDA the NUV trans-
mittance was found to increase to —4 dB for 100 layers.
When capping silica NPs, the absorption in the green—
orange spectrum increases. The shade of the filter color is
controlled by the film thickness.

Effect of the film thickness on filter transmittance

Here the effect of the film thickness on the transmission
spectrum of the film, particularly the film color, is reported.
The transmittance spectra of a film composed of alternating
layers of chitosan-capped silica and gold NPs with differ-
ent number of bi-layers are shown in Fig. 4. The trans-
mittance is reduced in the UV, blue, and green regions of
the spectrum. The two dips (peaks of absorption) corre-
spond to absorption due to silica and gold NPs, respec-
tively. Both dips decrease with different rates. The slope of
reduction (when assumed linear) corresponds to the aver-
age absorption coefficient of the film at the two resonances.
This is illustrated in Fig. 5a where the linear slope repre-
sents an exponential decay with absorption coefficients of
1125 and 1397 cm ™" for the silica and gold resonances.

The film color (on transmittance) was estimated by
calculating the RGB color value from the transmittance
plots in Fig. 4. The wavelength of the red light was set at
650 nm, green at 510 nm, and blue at 475 nm. The trans-
mittance for these three wavelengths was normalized to a
maximum value of 255 and the result was an RGB color
code of the film. Increasing the film thickness through the
number of layers decreases the shades of each color with
different slopes according to film absorption as shown in
Fig. 5b. In this case, the slopes are 1.0, 1.5, and 1.8 shades
per layer for red, green, and blue, respectively.
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Fig. 4 Transmittance of chitosan-capped silica and gold NPs for
different number of layers: 10 layers (dotted), 50 layers (dashed), and
100 layers (solid)
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Fig. 5 a Measured transmittance at the chitosan-gold (squares) and
bare silica (circles) peak absorption. The linear fit (dashed and dotted
lines) represents an exponential decay with constant absorption
coefficients for silica and gold peaks. b Change of red (650 nm),
green (510 nm), and blue (475 nm) color components with film
thickness

In the proposed color filter, the color shade is controlled
by the film thickness when proper capping is used (chito-
san-capped silica in the example above). The slope of
change of the green and blue components with the film
thickness is almost similar. This is not the case of red
where the slope is almost half that of green. For 10 bi-
layered film, the transmitted color is very pale crimson
(color code: #FAEGEB). Increasing the thickness to 50 and
100 layers changes the transmittance to colors of codes

#D09AAG6 and #A2425D, respectively [41]. Those colors
are very close to light crimson (standardized color distance
of 7%) and moderate crimson (standardized color distance
of 2%). The standardized color distance between two col-
ors is defined as

AC = (|Ry — Ry| + |Gy — Ga| + |By — Ba|)/(3 x 255)
(1)

R, G, and B are the red, green and blue color values,
respectively. Increasing the film thickness by one layer
causes a difference of the R, G, and B components by 1.0,
1.6, and 1.8, respectively. That corresponds to a color
difference, AC, of 0.6% calculated from Eq. 1. Hence,
thicker film moves the transmittance to darker shades of
crimson with a precision of 0.65% per added layer.

Conclusions

A novel approach of implementing optical thin film filters
based on layer-by-layer deposition is presented. The films
were made by the self-assembly of oppositely charged
metal and dielectric NPs, alternately capped with polymers.
Synthesized colloidal suspensions of gold NPs (~20 nm)
and silica (Si) NPs (~30 nm) were used as the building
blocks for the self-organization of the films. Capping with
PDDA and chitosan was used effectively to control the
optical absorption of the surface plasmon resonance peaks
of the gold NPs. Using different combinations of layer
formation, absorption characteristics in the NUV, green
and blue region were controlled through capping and
varying the thickness of the film. Capping with chitosan or
PDDA reduced the absorption peak of the coated silica NPs
in a similar fashion. Peak absorption in the UV range was
achieved by assembling bare silica NPs layers onto layers
of gold NPs. Transmission color was controlled (less than
1% color distance per added bi-layer) by changing the film
thickness.
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